Abstract
Introduction

25
Alloys of Cu and Sn find applications in wear and corrosion protection [1] [2] [3] [4] [5] 
30
Of these techniques, arguably, the most energy efficient and economic method is 31 electrodeposition using various acidic and alkaline aqueous solutions [1, 6] . However, many 32 of these electrolytes employ cyanides [6] or addition agents [27] [28] [29] [30] [31] [32] [33] detailed understanding of co-deposition was not the focus of that work.
45
In the TMHA-Tf2N based studies, researchers electrodeposited tin from an IL on to a 46 copper substrate at a temperature between 150 -190ºC. At these temperatures the IL remains 47 stable, but copper from the substrate and plated tin inter-diffuse and form an alloy [46, 47] .
48
The researchers termed this as the "reduction-diffusion" method. deposition from DES is required.
92
The aim of this work was to develop a deeper understanding of co-deposition behaviour 93 using ChCl-based DES. For this present study, ethaline, a DES obtained using a 1:2 choline 94 chloride and ethylene glycol mixture (ChCl-2EG), has been chosen to deposit a Cu-Sn alloy.
95
In all deposition experiments hydrated salts were dissolved in the DES, since they are easily 96 available in market and widely used in the plating industry. In order to achieve our aim, a set 97 of electrochemical deposition experiments using different electrolyte formulations and a Polarisation experiments were carried out in a standard three-electrode cell using a platinum 150 rotating disc electrode (RDE) (Radiometer Analytical), with a Pt mesh as counter electrode.
151
The cell was a jacketed glass vessel, and was maintained at a constant temperature of 25ºC 152 using a recirculation system. A silver wire served as a quasi-reference electrode, which has 153 been established to be stable in these DES under a wide variety of conditions [43, 49, 55, 56] .
154
Potential scans were performed using a computer controlled μ-Autolab instrument in a scan 155 range of -1.0 V to +1.0 V and the scan rate was set at 0.01 V s -1 .
156
Codeposition experiments were performed in a low-carbon steel disc of 0.9 cm diameter 157 (i.e. 0.64 cm 2 ) using an RDE apparatus. This disc was detachable from RDE which assisted in 158 surface preparation and deposit characterisation. Potentiostatic deposition was performed using 159 the Autolab instrument using a three-electrode system, and galvanostatic plating was carried 160 out using a PL320 constant power supply (Thurlby-Thandar) using a two-electrode set up. In 
Electrolyte Formulation Experiments
185
In order to obtain a wide range of current density in the Rota-Hull experiments, the applied 186 current density was varied between -1.0 x 10 -3 and -1.7 x 10 -3 A cm -2 . The deposition time was 187 set at 180 min to achieve a deposit thickness of at least 3 μm, so that an EDX analysis could be 188 carried out. Since the current density at the Rota-Hull changes from the top to the bottom, the 189 current at different parts of the cylinder were calculated. The procedure for these calculations 
203
A further set of anodic stripping voltammetry (ASV) were carried out to probe the 204 potentials at which individual metals or intermetallic compounds were deposited and dissolved.
205
In these experiments deposition was carried out at potentials between -0.33 V to -0.5 V for 3 206 to 10 min duration, which was followed by stripping voltammetry in a scan range between -0.5 207 to +1.0 V at a scan rates 0. Table 2 lists the potentials used for ASV analysis for a 1:2.5 ChCl-2EG electrolyte, which 297 covers the potential range within which either one or both metals are expected to co-deposit. Figure 2(a) ). These are indicated by B' and C' in Figure   302 3. An EDX analysis for the deposit showed that the deposit contained only Cu, as would be 303 expected at these potentials.
304
As the potential is lowered to -0.36 V, the two peaks are again visible at their respective 305 positions, and the total charge under the stripping peaks is higher. An EDAX analysis showed 306 that both copper and tin are present in this deposit. The charge under peak B' was similar to 307 that observed for -0.33 V, but the charge under peak C' is increased. This shows that Cu and
308
Sn are co-reducing at -0.36 V, and that the deposit contains significant amounts of copper.
309
Interestingly, Sn is deposited at -0.36 V, which is nobler compared to the reduction potential 310 of Sn as an individual metal (cf. Figure 2(c) ). The co-reduction of Sn could be due to the fact 311 that alloy formation is energetically more favourable.
312
As the deposition potential was lowered further (i.e., -0.4 V, -0.45 V and -0.5 V) a third 313 stripping peak, A', is observed. The position of A' is similar to that for peak A shown in Figure   314 2(a). This peak grew more prominent as the potential is lowered, while the charge The small oxidation peak appearing to the right of A' may be due to the presence of an inter-319 phase between the two Sn-containing phases [34, 35] .
320
EDX analysis of these deposits showed the presence of oxygen and carbon, the 321 quantities of which are listed in Table 2 . For deposits obtained at -0.5 V, 9 at% of chlorine was the deposits on the steel substrate using the RDE were similar to those obtained using the
336
RotaHull experiments for cylinders B and C in the region where co-deposition of Cu and Sn 337 occurred.
338
The deposit composition, as determined EDX analysis, showed the Sn content to be 17 339 at% for the potentiostatic experiments and 13 at% for the galvanostatic experiments,
340
respectively. The copper content in the deposit was found to be approximately 83 at% (error in 341 analysis being +10%). Elements such as C, O or Cl were not detected.
342
Deposition was also carried out just below and just above -0.36 V to determine the EDX and XRD results, can be considered to be in broad agreement, given that the error in EDX 375 measurement could be as high as 10%. If there is any excess Cu in the deposit, the absence of 376 a peak associated with it may be due to the fact that it is either a disordered structure or it is 377 dissolved in the Cu3Sn phase. regard, ChCl DES seems to exhibit similarities with imidazolium systems.
399
There are different principles of electrochemical co-deposition which have mainly been 
413
The second possibility is that Cu3Sn is formed due to the lowering of overall energy in 414 the solid state due to alloy formation. This is plausible as it has been found that Sn is depositing
415
at potentials more positive to that required for Sn reduction from DES containing only Sn salt.
416
In this case, the two metals may deposit (nearly) independently, but the thermodynamics of the 417 deposit controls the phases formed, as has been suggested for the imidazolium systems [65] .
418
While this does not preclude the formation of an electroactive species as described in the 419 previous paragraph, it does not require it. A differentiation between the two processes will 420 require the identification of multi-metal species in DES as well as a careful assessment of 421 energies of alloy formation, which may be useful avenues of further research.
422
One interesting aspect arising from the result is the unusually high content of oxygen 423 and carbon in the deposited material. These occur at higher currents and potentials, thereby arise from the deposition of oxides or chloride compounds, but these were never detected in 435 our XRD measurements in this work or our earlier work or by any researchers.
436 Figure 7 shows the polarisation data for ChCl-2EG at a Pt RDE. These data show the 437 reaction involving the solvent and show the electrochemical window of ethaline. The figure   438 shows that the IL breaks down below a potential of -0.7 V, as reported previously [30, 46] .
439
However, low currents are observed at -0.4 V, indicating that some degree of break down 440 begins at relatively low potentials. Both Cu, Sn and Cu-Sn are depositing at these potentials,
441
and carbon and oxygen detected in the deposits may be arising from the breakdown of the 442 solvent, which has also been reported by other researchers [70] . Although the currents recorded 443 on Pt are low, it is possible that the process is favoured during Cu-Sn deposition, which will 444 be studied further by our group. Pt RDE, at potentials listed in Table 2 ; ▬0.33 V, --0.36 V, ▬ 0.40 V, ▬ 0.45 V ▬0.5 V.
605
Stripping was carried out at a rotation speed of 220 rpm and a scan rate 0.01 V s -1 . 
